The outer membrane of gram-negative bacteria acts as a permeability barrier protecting the cell against most antimicrobial agents. This is mainly due to the properties of its major components, the lipopolysaccharide (LPS) and the porins (24) . Although most of the components of the outer membrane have been well characterized, we still have a limited understanding of how they cross the periplasm, are functionally integrated, and interact in the outer membrane (15) .
The tol-pal mutants of Escherichia coli are altered in outer membrane stability, and their characterization may help in understanding some of the steps involved in outer membrane assembly. Homologues of the tol-pal genes have been found in many gram-negative bacteria (16, 25, 37, 48, 50) . However, the effect of mutations in these genes has been extensively studied only for E. coli (33, 53) , Vibrio cholerae (25) , and Pseudomonas putida (37) . tol-pal mutations lead to a pleiotropic phenotype including sensitivity to antibacterial agents like bile salts, release of periplasmic content into the external milieu (25, 33, 37, 53) , formation of outer membrane vesicles at the cell surface (2, 37) , reduced cell motility (37; our unpublished results), and impairment of cell division (39) . Although these phenotypes strongly support an essential role of the Tol-Pal system in the maintenance of outer membrane integrity, the exact role of the Tol-Pal proteins in this process is still unknown. The TolQRA proteins are also required for the translocation of the filamentous bacteriophage DNA into the cytoplasm during the process of infection (25, 46, 53) and participate with TolB in the translocation of group A colicins across the cell envelope (6, 7, 23) . In addition, some Tol-Pal proteins appear to play a role in bacterial virulence (8, 20) .
The tol-pal operon encodes seven proteins, Orf1, TolQ, TolR, TolA, TolB, Pal, and Orf2. No role has been assigned yet to the cytoplasmic Orf1 and the periplasmic Orf2 proteins (49, 52) .
TolQ, TolR, and TolA are inner membrane proteins. TolQ has three membrane-spanning fragments (51) , and TolA and TolR have an N-terminal anchor, leaving most of the protein exposed to the periplasm (36, 40) . In addition to the N-terminal anchoring region, TolA contains a large central domain with a high degree of ␣-helical content and a C-terminal domain interacting with the N-terminal domain of colicins and the g3p protein of filamentous phages (6, 14, 36, 46) . The structure of the periplasmic domains of TolA has been recently established (19) , as well as the crystal structure of the Cterminal domain of TolA in complex with the filamentous phage protein g3p (38) . The crystal structure of the periplasmic protein TolB has also been solved (1, 11) . This protein participates in the uptake of some group A colicins (6, 7) . Pal is an outer membrane lipoprotein (34) .
TolQ, TolR, and TolA interact with each other, but no ternary complex has been characterized (17, 22, 29) . Pal and TolB also form a complex near the outer membrane (5, 13) . It has been shown recently that Pal and TolA form a proton motive force (PMF)-dependent complex (12) . The C-terminal part of Pal interacts with the C-terminal domain of TolB and the peptidoglycan (4, 45) The central domain of TolA and TolB interacts with porin trimers in vitro in the presence of sodium dodecyl sulfate (SDS) but not with OmpA (18, 47) .
TolB also interacts with Lpp and OmpA, two major peptidoglycan-associated outer membrane proteins (13) .
In gram-negative bacteria, the Tol and Ton systems are involved in the uptake of macromolecules across the envelope. The Ton system is required for the uptake of iron-siderophore complexes and vitamin B 12 and the entry of group B colicins and phages like 80 or T1 (43) . The TonB-ExbBD proteins which constitute the Ton system present some similarities to the TolQRA proteins of the Tol system (31) . TolQ and TolR are structurally and functionally homologous to ExbB and ExbD, respectively (9, 10) . While ExbB and ExbD have been shown previously to form homomultimers (26) , only TolR homodimers have been detected so far (29) . TolA and TonB are homologous only in their N-terminal transmembrane domains, where they both have a well-conserved S-X(3)-H-X(6)-L-X(3)-S motif (22, 30) . Despite both having an elongated conformation, the periplasmic domains of TolA and TonB share no sequence homologies: the central domain of TolA has an ␣-helical structure (19, 36) , whereas that of TonB has a stretch of X-Pro repeats (44) .
The TonB-ExbBD complex appears to mediate the energy transfer of the electrochemical potential from the cytoplasmic membrane to the outer membrane (28, 30) . TonB is thought to open outer membrane channels via an energy-dependent conformational change, either from the cytoplasmic membrane or by shuttling between the two membranes (32, 35) . The importance of the TonB transmembrane anchor in energy transduction was demonstrated elsewhere (30) . Replacement of the TonB transmembrane anchor by the TolA corresponding domain produces a TolQ-TolR-dependent chimera with TonB function (30) . These data suggest that the physiological function of the TolQ-TolR-TolA complex may be dependent on the PMF (32). The present study was undertaken to test whether TolA was able to undergo an energy-dependent change of conformation in the periplasmic space.
MATERIALS AND METHODS

Strains and plasmids.
Strains were all E. coli K-12 derivatives of JC188 (Hfr P4X, metB lacI pstS). JC188 ⌬orf1 tolQRA (22) , JC188 tolB2(H147D), JC188 pal892, JC188 ⌬lpp, JC188 lpp916, and JC188 ⌬tolB pal were from the lab collection. JC188 pal892 has a stop mutation after Met41 of the mature Pal protein. The lpp and tolB mutations have been described elsewhere (13) . JC188 ⌬rfa carried the ⌬rfa1 deletion [⌬rfa(GPSBI)::Cm] (41). pJEL-1QRA has been described elsewhere (22) . pJEL-1QA and pJEL-1RA were pJEL-250 derivatives of pT7-1QA and pT7-1RA, respectively (22) . pJEL-1QRA derivatives carrying the tolA (S18L), tolA (H22P), and tolA (H22R) derivatives were constructed from plasmids carrying the tolA mutations (22) . pJEL-BP2 contained a NotI-EcoRV 3,310-bp fragment carrying the 3Ј end of tolA, tolB, pal, and orf2 cloned into pJEL-250.
Spheroplast formation. All the experiments were performed at 4°C. Exponentially growing cells were collected by centrifugation for 1 min at 12,000 ϫ g and converted to spheroplasts after resuspension in 10 mM Tris (pH 7.5)-5 mM EDTA-20% (wt/vol) sucrose-0.1 mg of lysozyme/ml (spheroplast medium). Spheroplast formation was monitored by using alkaline phosphatase and ␤-galactosidase as periplasmic and cytoplasmic markers, respectively (34) . Cells were centrifuged for 5 min at 10,000 ϫ g. The supernatant contained the periplasm. The cell pellet was resuspended in 10 mM Tris (pH 7.5)-5 mM EDTA and incubated at Ϫ70°C for 5 min and then at 37°C for 5 min in the presence of Benzonase (Merck, Darmstadt, Germany). Cells were centrifuged at 10,000 ϫ g for 30 min. The supernatant contained the cytoplasm, and the pellet was called the total membrane fraction. A correct spheroplast formation was ascertained by the presence of more than 90% alkaline phosphatase in the periplasmic plus extracellular fractions and at least 90% ␤-galactosidase in the cytoplasm.
Proteinase K accessibility assays. Exponentially growing cells were treated for 3 min with 50 M carbonylcyanide m-chlorophenylhydrazone (CCCP) or 1 mM 2,4-dinitrophenol (DNP) directly added to the culture media. Cells were then collected by centrifugation for 1 min at 10,000 rpm and converted to spheroplasts after resuspension in the spheroplast medium supplemented with 50 M CCCP, 1 mM DNP, or an equal volume of carrier ethanol. Samples were then incubated with 10 g of proteinase K/ml for 0 or 5 min at 4°C, treated for 2 min with 1 mM phenylmethylsulfonyl fluoride to inactivate proteinase K, and then precipitated by 1 volume of 10% trichloroacetic acid and incubated for 30 min on ice. After centrifugation (10 min at 10,000 ϫ g and 4°C), the pellets were washed with 10 mM Tris (pH 7.5) and resuspended in loading buffer. The equivalent of 3 ϫ 10 8 cells was loaded on an SDS-polyacrylamide gel (12% acrylamide).
Sample analyses. Samples were separated by SDS-polyacrylamide gel electrophoresis and subjected to immunodetection as previously described (22) . Purified anti-TolA polyclonal antibodies directed against the TolA soluble fraction (central and C-terminal domains) or the TolA C-terminal domain (a gift from Robert Webster) were used. For an optimal resolution, a colored marker was used, and the migration was stopped when the band corresponding to a molecular mass of 36.4 kDa reached the bottom of the gel.
RESULTS AND DISCUSSION
TolA conformation depends on the PMF. Patterns of limited proteolytic digestion by proteinase K were used to characterize TolA conformation. After spheroplast formation, TolA was progressively degraded (Fig. 1) . Dissipation of the PMF by the uncoupler CCCP or DNP led to the presence of a novel proteinase K-resistant product (Fig. 1) . This change in the proteolytic pattern indicated that TolA could adopt a new conformation in the absence of the PMF. To determine whether the effect of CCCP was reversible, cells treated with CCCP were washed twice with and resuspended in fresh medium. Alternatively, 1 mM bovine serum albumin, to which CCCP adsorbs, was added to the medium (42) . In both conditions, the proteinase K-resistant product was no longer detected, showing that the action of the CCCP could be reversed (data not shown). We propose that TolA is able to achieve a PMFdependent conformation in the periplasm.
Proteinase K accessibility of TolA in the absence of TolQ or TolR. As TolA interacts with TolQ and TolR via its N-terminal domain, the possibility that these proteins play a role in the proteinase accessibility of TolA was investigated. Experiments were done with JC188⌬1QRA derivatives carrying the tolQRA genes cloned on a low-copy-number plasmid. The level of Fig. 2 . The proteinase K-resistant product could be visualized in the tolQ and tolR strains in all the experimental conditions. Thus, TolA conformation depended on TolQ and TolR and was no longer PMF dependent when one of these proteins was absent.
We have previously isolated tolA mutants affected in the N-terminal domain of TolA (22) . In these mutants, TolA could not be cross-linked with TolQ. The pattern of proteinase K accessibility of the corresponding TolA altered proteins was similar to that obtained for strains lacking TolQ and TolR. A typical pattern obtained in the presence of the tolA(H22P) mutation is given in Fig. 3 . Here again, the pattern of proteinase K digestion was no longer dependent on the presence of CCCP. The same results were obtained with the tolA(S18L), tolA(H22Y), and tolA(H22L) mutations (data not shown).
It was concluded that TolA conformation was dependent on TolQ, TolR, and its own transmembrane component. When TolQ or TolR was absent, or when residue Ser18 or His22 of TolA was altered, TolA conformation was no longer PMF dependent.
This study provides evidence that the conformation of TolA depends on the PMF, TolQ, TolR, and the transmembrane domain of TolA. Using similar methods, a PMF-dependent conformational change was also previously demonstrated for TonB (32) . It should be noted that the pattern of proteinase K digestion of TolA observed for a tolQ or tolR strain and the mutants affected in the TolA transmembrane domain corresponded to that obtained for the wild-type strain after the dissipation of the PMF. In the case of the Ton system, the opposite situation occurs, since the pattern of proteinase K digestion of TonB in an exbB or exbD strain is the same as the one obtained for the wild-type strain in the presence of the PMF (32) . In this case, it is possible that the fragment of TonB formed in the wild-type strain in the presence of CCCP is sensitive to the interaction with ExbB and ExbD: in the exbBD strain, in the presence of CCCP, this fragment would be formed but would be further cleaved by proteinase K due to a lack of interaction with ExbB or ExbD. The PMF-dependent conformation of TonB leads to the active transport of iron and vitamin B 12 through interactions with outer membrane receptors. Concerning TolA, the purpose of the conformational change described above remains elusive. By analogy, we propose that TolA is able to generate an energy-dependent change of conformation of some outer membrane components. This is supported by the instability of TolA in a ⌬tolB pal background seen in this study (see below) and by the recent description of an energy-dependent interaction between TolA and Pal (12) . However, TolA, in contrast to TonB, does not seem to shuttle between the outer and cytoplasmic membranes (22) .
Conformation of TolA in tol, pal, lpp, and rfa mutants. As alteration or deletion of the tolQ, tolR, and tolA genes leads to a change in outer membrane permeability, the possibility that the tol phenotype could be responsible for the presence of the novel proteinase K-resistant product was investigated. We first used tolB or pal point mutations as well as a ⌬tolB pal deletion. The pattern of proteinase K digestion of TolA in strains carrying tolB or pal point mutations was the same as the one obtained for the parental strain. A typical pattern obtained with a JC188 strain carrying a pal892 nonsense mutation is given in Fig. 4 . We concluded that the alteration of the outer membrane by tolQ, tolR, or tolA mutations is not the cause of 
FIG. 4.
TolA is highly unstable in a ⌬tolB pal background. Strains JC188, JC188 ⌬tolB pal, and JC188 ⌬tolB pal transformed with pJEL-BP2 were grown to mid-log phase. Immunoblots of intact cells were probed as for Fig. 1. WT, wild type. the presence of the proteinase K-resistant fragment. During the course of this study, we observed that TolA was highly unstable in exponentially growing cells carrying the ⌬tolB pal deletion, since the protein was degraded in total cell extracts without any addition of exogenous proteinase (Fig. 5) . This was not the case for tolB or pal mutants. This phenotype was fully complemented by a low-copy-number plasmid carrying the tolB, pal, and orf2 genes. Therefore, the absence of both TolB and Pal leads to the instability of TolA.
It is now well established that the TolQRA proteins are involved in outer membrane stability, but the underlying mechanisms are still unknown. To better understand the participation of the PMF-dependent conformation of TolA in the organization of the outer membrane, the conformation of TolA was characterized for various outer membrane mutants such as rfa and lpp mutants. The pattern of proteinase K digestion of TolA in a strain carrying an ⌬lpp or an lpp916 nonsense mutation was like that in the wild type (Fig. 4) . No proteinase K-resistant band was visible in the ⌬rfa mutant. Prolonged incubation of the samples in the presence of proteinase K led gradually to a total digestion of TolA. At no time could the proteinase K-dependent band be detected (data not shown).
The ⌬rfa1mutant used in this experiment was able to synthesize only a minimal LPS core composed of 2-keto-3-deoxyoctulosonic acid and one heptose (53) .
This raises the possibility that the Tol system may be involved in some step of the biogenesis, assembly, or transport of the bacterial LPS. Evidence already suggests a role of the Tol proteins in porin and/or LPS translocation or assembly (18, 21, 47) . However, rfa mutants are highly pleiotropic, and the fact that no proteinase K-resistant fragment of TolA is detected may be due to a variety of things. Clearly, more work is needed to understand this phenomenon. We concluded that the presence of the PMF-dependent TolA fragment was not affected by the presence of many mutations leading to a defect in outer membrane stability, except in rfa strains, where TolA was resistant to proteinase K.
We suspect that the characterization of the physiological role of the Tol system has been difficult because most of the studies have been performed on the laboratory strain E. coli K-12. An extensive physiological analysis of the role of the Tol system in naturally occurring strains should help to elucidate its role; it would be especially important to know whether the Tol proteins are involved in the formation of outer membrane vesicles, which have been suggested elsewhere to play a critical role in bacterial virulence (3, 27) .
